We studied the effect of spasticity-induced overload on tendons from the gracilis and semitendinosus muscles from cerebral palsy (CP) and healthy subjects (CT) stained with haematoxylineosin, Sirius red and Alcian blue. Vascularity was also characterized using an anti-CD34 antibody. Light microscopy analysis of haematoxylin-eosin stained sections revealed that the overall structure of tendons was maintained, characterized by parallel and slightly wavy collagen fibers in both CT and CP tendons. However, hypercellularity, cell rounding, increased vascularity and lipoid degeneration were observed in CP samples. Sirius red stained collagen fibers were more evident in CP tendons, suggesting an increased collagen content induced by spasticity. Alcian blue staining revealed an overall increase of glycosaminoglycans in CP tendons as observed in tendinopathy. Our results suggest that CP-induced spasticity may be considered as a chronic, persisting and repetitive loading of tendons, inducing ECM remodeling as adaptive response to increased functional demand. At the same time, the evidence of some tendinopathic-like markers in CP tendons suggests that the chronic nature of the CP condition could represent a pathologic condition, possibly leading to a transient weakness of the tissue making it more susceptible to damage from cumulative loading until an overt tendinopathy develops.
Introduction
Tendons are specialized organs that connect muscle to bone and transmit the forces generated in the muscle to bone, resulting in joint movement. They consist of dense regular connective tissue composed by cells, the tenocytes, and extracellular matrix (ECM) primarily containing collagen, proteoglycans and water. Collagen accounts for the 60-85% of the dry mass and is predominantly type I collagen (COL-I) organized into tensile resistant fibrils, fibers and fiber bundles, providing the major resistance to mechanical forces. Type III collagen (COL-III) is the next most abundant collagen, representing approximately 3% of the total and mostly restricted, in normal tendons, to the endotenon and epitenon. Also type V and VI collagen are present, intercalated into the core of COL-I fibril or forming sheetslike structures, respectively 1 . Proteoglycans (PG) are protein/glycosaminoglycans (GAG) complexes in the ECM that trap water and affect the viscoelastic properties of the tissue, helping tendon tissue to resist compressive and tensile forces and allowing collagen fibers to glide over each other. Tendon contains a wide variety of PG, including the large aggregating PG and a variety of small leucine-rich PG 2 . Decorin, biglycan, fibromodulin and lumican, all members of the small leucine-rich proteoglycans family, bind to collagen fibrils and actively participate in fibrillogenesis. Aggrecan and versican are two large modular PG providing tendon tissue with a high capacity to resist high compressive and tensile forces. It was shown that exercise leads to changes in PG content 3 . The ECM of tendons is characterized by marked regional differences in its composition. In the tensile midtendon, the main ECM components are COL-I and the PG decorin and versican 4, 5 . Tenocytes are tendon specialized fibroblasts that respond to mechanical-induced loading with expression of several ECM components 6, 7 . The ability of tenocytes to sense and respond to load is central to the concept of mechanotransduction and to the subsequent maintenance of tissue homeostasis. It was suggested that mechanotransduction mechanisms are based on integrins that, together with cytoskeleton and tendon cell cilia 8 , provide a bridge through which forces can be transmitted between inside and outside of the cells, thus influencing tenocyte activity. Cerebral palsy (CP) is the term to define a range of non-progressive syndromes of posture and motor impairment resulting from an insult to the developing central nervous system. CP is characterized by spasticity, movement disorders, muscle weakness and rigidity 9 . Studies in CP patients have shown that spasticity induces relevant modifications of tendons at the molecular level, possibly leading to morpho-functional modifications in order to respond and to adapt to the higher mechanical loading and increased functional demands 10, 11 . This suggests that the knowledge of ECM remodelling in CP patientsʼ tendon components in relation to mechanical stress is pivotal and may be helpful for monitoring or planning treatment strategies. In this study we aimed at analyzing and characterizing the effect of spasticity-induced overload on tendon structure and ECM components in CP patients.
Materials and methods

Tissues
Tendon fragments were obtained from healthy subjects undergoing surgical procedures to treat anterior cruciate ligament rupture, and used as controls (CT) (n=5) (mean age 12,6 ± 3,7). Tendon fragments from CP patients were obtained during tendon lengthening procedures from the extra tendon removed after their resuture (n=4) (mean age 11,5 ± 5,5). For this study, tendons of semitendinosus and gracilis muscles were used. Samples were collected according to procedures approved by the local ethical committee. Tendon fragments were immediately processed for morphological procedures.
Histochemistry and image analysis
Immediately after surgery, each tendon fragment was fixed in 4% formalin in 0.1M phosphate buffered saline (PBS), pH 7.4, routinely dehydrated, paraffin embedded, and serially cut (thickness 5 μm). Sections were stained with freshly made haematoxylin-eosin to evaluate the cell and tissue morphology. To obtain specific stain for fibrillary collagen, slides were deparaffinised and immersed for 30 minutes in saturated aqueous picric acid containing 0.1% Sirius red F3BA (Sigma, Milan, Italy). To obtain specific stain for mucopolysaccharides (GAG and PG), sections were stained with Alcian blue in sodium acetate buffer, pH 5.8 containing different MgCl2 concentration in order to selectively stain different mucopolysaccharides. In particular, in 0.025M MgCl2 all acid mucopolysaccharides stain blue; using 0.3 and 0.65 MgCl2, respectively, sulphated acid mucopolysaccharides and strongly sulphated acid mucopolysaccharides can be observed. The slides were photographed by a digital camera connected to a Nikon Eclipse 80i microscope. Sections for each tendon and for each stain were analysed in blind by three different operators using a semiquantitative grading scale which assesses various features of the tissue. The variables included in the scale for the analysis of tendon structure are: fiber structure and arrangement, cellularity, rounded nuclei, increased vascularity, lipoid degeneration. A five-point scoring system was used, where 0 indicates normal appearance, 0.5 not completely normal appearance, 1 slightly abnormal appearance, 2 moderately abnormal appearance, and 3 markedly abnormal appearance. The degree of staining was assessed using a similar semiquantitative score based on five point scoring system, where 0 is very faint staining, 0.5 faint staining, 1 moderate staining, 2 strong staining, and 3 very strong staining. The results of the score system are expressed as means.
Immunocytochemistry
Sections were incubated without antigen retrieval with primary monoclonal antibody specific for the vascular endothelial marker CD34 (Dako, Milan, Italy). Immunoreactivity was detected by EnVision (Dako, Milan, Italy). Sections were then counterstained with haematoxylin. Negative controls were obtained omitting the primary antibody.
Results
Tendon structure
Tendon structure in CT and CP tendons was analyzed in haematoxylin-eosin stained specimens. Light microscopy analysis revealed that in both CT and CP specimens tendon structure was maintained and collagen fibers were ordered and arranged close and parallel to each other with a slightly wavy appearance (Fig.  1) . In some CP patients some separation of the fibers was observed and the parallel arrangement was lost. Tenocyte nuclei were flattened, sometimes arranged in rows, but in some CP patients the number of cells resulted higher than in CT tendons, and in some specimens the presence of rounded nuclei was evident, suggesting the presence of some tenoblasts. These changes were more evident in gracilis than in semitendinosus tendons, as shown in bar graphs obtained using the semiquantitative score system described in the Materials and methods section (Figs. 2 A, B) . Blood vessels were scarce in both CP and CT specimens, although in some CP tendon increased vascularity was observed (Figs. 2 A, B) . This finding was confirmed by immunocytochemistry using a CD34 antibody specific for endothelial cells. CD34-positive vessels resulted more abundant in tendons obtained from CP patients, compared to healthy tendons (Fig. 3) . Few CP tendons were characterized by lipoid degeneration, with the evidence of adipocytes accumulation in the tendon between collagen fibers (Fig. 4 A) , not only in the mid tendon but also at the level of the myotendineus junction (Fig. 4 B) . Lipoid degeneration was observed only in the gracilis tendons obtained from CP patients (Figs. 2 A, B) . Sirius red stained specimens were observed at the light microscope in order to compare collagen arrangement and content in healthy and CP samples. In the gracilis tendons of CP patients the staining was more intense than in CT, suggesting an accumulation of interstitial collagen induced by spasticity (Figs. 5, 6 ). By contrast, the analysis of Sirius red stained semitendinosus tendons from CP patients revealed a slight increase of collagen, compared with healthy subjects (Figs. 5, 6 ). 
Alcian blue staining
Light microscopy analysis of specimens stained by Alcian blue containing 0.025M MgCl2 revealed a 2.7-folds increase of stain intensity in PC gracilis compared with healthy tendons (Figs. 7, 8) , suggesting an increase of the total GAG and PG content induced by spasticity. A similar pattern was observed for the semitendinosus tendons, but the differences between healthy and PC tendons were less marked (Figs. 7, 8 ). The intensity of the Alcian blue staining containing 0.3 MgCl2 resulted increased in both the gracilis and A B semitendinosus tendons of CP patients, compared with healthy tendons, suggesting that CP-induced spasticity stimulates the accumulation of sulphated mucopolysaccharides. A similar pattern was observed after staining in Alcian blue containing 0.65 MgCl2, but the differences between healthy and CP tendons were less evident (Figs. 7, 8 ).
Discussion
The force transmission of the muscle-tendon complex is dependent on the fibrillar arrangement of the tendon and its allowance for absorption and loading of energy. In particular, the tensile strength of the tendon ECM is based on the orientation and density of the collagen fibrils and fibers, and on intra-and intermolecular cross-links 12 , since collagen type I is the main component of tendon ECM. Collagen provides the major resistance to mechanical forces 1 , and it may be expected that its content and organization would be reflected in the mechanical properties of the structure.
The control of ECM composition in response to load is a key aspect of tendon connective tissue, allowing matching of tissue strength to mechanical environment. Tendon ECM turnover is influenced by physical activity 13 , as well as by degrading matrix metalloproteinases increase with mechanical loading 14, 15 . In particular, collagen increase was demonstrated both in animal models 16 and in humans 17 , influencing the mechanical properties and the viscoelastic characteristics of the tissue. By contrast, inactivity markedly decreases collagen turnover in tendons and an inverse correlation between MMP-1 gene/protein expression and tensile load occurs 14 , playing a key role in determining tendon strength. In a previous study of our laboratory we demonstrated that mRNA levels related to collagen turnover in tendons from CP patients are different than in CP samples compared to normal ones, suggesting that CP induces relevant modifications of tendons at the molecular level, possibly leading to modifications in order to respond to the increased mechanical loading and increased functional demands induced by spasticity 11 .
Here we aimed at analyzing and characterizing the effect of spasticity-induced overload on tendon structure and ECM components by morphological methods, in order to get new insight in the structure of tendons from CP patients. Light microscopy analysis of haematoxylin-eosin stained specimens revealed that the overall structure was maintained in CP tendons, characterized by the parallel tight alignment of fibrils and thin tenocytes arranged in rows between collagen fibers. Considering tendon cell morphology, it is possible to distinguish tenocytes, displaying an elongated and thin shape, from rounded and spheroid tenoblasts 1 . Some CP tendons displayed an increased number of tenocytes, suggesting that hypercellularity may be induced by spasticity. Furthermore, an increased number of tenoblasts with rounded nuclei in CP tendons was observed, particularly in the gracilis tendon. Tenoblasts are sometimes regarded as an activated form of tenocytes in case of intrinsic healing of tendon injuries 18 . Interconversion between tenoblasts and tenocytes might occur, and their ratio in tendons play a key role governing the tissue response to various stimuli such as exercise and trauma 19 . Interestingly, regional variations in cellularity and rounding of the nuclei are morphological features of tendinopathic tendons 20 . Compared with muscle, the tendon is a poorly vascularised tissue that relies upon synovial fluid diffusion to provide nutrition. By contrast, hypervascularity was demonstrated in patients with Achilles tendinopathy 21 and in a rabbit model of Achilles tendinosis 22 . We observed increased vascularity in haematoxylin-eosin stained CP tendons, confirmed by immunocytochemistry that revealed more abundant CD34-positive vessels in tendons obtained from CP patients, compared with healthy tendons. Collagen type I is the main ECM component of the dense connective tissue of tendons, representing the 60% of the dry mass. The analysis of Sirius red stained samples revealed an increased collagen content in CP compared with healthy tendons, suggesting that increased mechanical loading induced by spasticity modifies collagen content in tendons, allowing an adaptive response of tendon to maintain its biomechanical properties. This result is consistent with the previously demonstrated increase of COL-I mRNA levels in CP tendons 11 . In addition to collagen fibrils, tendon ECM contains transverse and longitudinal PG filaments, many of them bridge and link between the fibrils. PG filaments were seen orthogonally arranged with respect to the collagen fibrils and this picture was unchanged after application of stress of any level up to breaking point 23 . PG bridges between collagen fibrils play a role in transmitting and resisting tensile stresses in tendons, contributing to the strength of the tissue. Sometimes axially oriented PG between fibrils were observed, which act as both lubricant and elastic deformation space to facilitate movement among protofibrils 23 . In normal tendons, the profile of PG changes with the type of load the tissue is exposed to 6 . In general, tensional load upregulates decorin, while the large PG aggrecan is upregulated by compression load. Variations in the GAG/PG content have been observed both with age and during disease 24 .
Our data point to a strong increase of total GAG content exerted by CP-induced mechanical overload on the gracilis tendons. A similar pattern was observed in the semitendinosus, but to a lesser extent. This increase seems sustained in particular by sulphated GAG, as shown by Alcian blue containing 0.3 MgCl2, but also by highly sulphated GAG such as heparin sulphate stained by Alcian blue containing 0.65 MgCl2. Tendinopathies are classified as degenerative condition characterized by a disrupted collagen matrix, increased cellularity and PG concentration, increased vascularity and lipidic degeneration, but lack of inflammatory cell infiltration 25 . In vivo tendon loading produced a non inflammatory pathology that was morphologically consistent with what observed in tendinosis 26 , that can be considered as a non-rupture tendon injury caused by overuse or repetitive motion 27 . Data obtained from asymptomatic tendons suggest that tenocyte rounding, proliferation, increased GAG production, in particular hyaluronan and chondroitin sulphate 24 , may precede collagen tearing 28 . Our data show that some of these tendinopathic-like markers are observed in tendons from CP patients. The gracilis tendon seems more affected than semitendinosus, although they both assist with knee flexion. Considered as a whole, our data suggest that CP-induced spasticity may be considered as a chronic and persisting loading of tendons, acting as a repetitive work on them and inducing ECM remodeling as adaptive response to increased functional demand. At the same time, the chronic nature of the condition induced by CP suggests that the differences in the histology features in CP compared with normal tendons represent a pathological condition. Accordingly, CP-induced spasticity could be considered as a repeated strain below the injury threshold, inducing changes in the tendon ECM composition and organization. It is possible that an isolated fibril damage induced by overuse does not cause clinical injury, but is likely that continued loading plays a significant role. The degeneration of the ECM may very likely lead to a transient weakness of the tissue making it more susceptible to damage from cumulative loading and the damage accumulates until an overt pathology consistent with tendinopathy could develop. We feel that our results provide new information on CP-induced modifications on tendons, contributing to understand tendon injury and, possibly, helping to plan interventional treatments.
